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Chemically synthesized functional hydrogels have been recognized as optimized
soft pumps for on-demand fluidic regulation in micro-systems. However, the chal-
lenges regarding the slow responses of hydrogels have very much limited their
application in effective fluidic flow control. In this study, a heterobifunctional
crosslinker (4-hydroxybutyl acrylate)-enabled two-step hydrothermal phase separa-
tion process for preparing a highly porous hydrogel with fast response dynamics
was investigated for the fabrication of novel microfluidic functional units, such as
injectable valves and pumps. The cylinder-shaped hydrogel, with a diameter of
9cm and a height of 2.5cm at 25 °C, achieved a size reduction of approximately
70% in less than 30s after the hydrogels were heated at 40 °C. By incorporating
polypyrrole nanoparticles as photothermal transducers, a photo-responsive compos-
ite hydrogel was approached and exhibited a remotely triggerable fluidic regulation
and pumping ability to generate significant flows, showing on-demand water-in-oil
droplet generation by laser switching, whereby the droplet size could be tuned by
adjusting the laser intensity and irradiation period with programmable manipulation.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4983493]

I. INTRODUCTION

Devices for manipulating fluidic flows with on-demand control for biomedical and industrial
applications have received increased attention, and a variety of technologies, such as electrics,’
optics,2 acousti(:s,3 and mechanics,4 have been investigated to achieve on-demand fluidic flow
control in micro-channels. However, most of these methods require complicated experimental
approaches, which increases cost while decreasing flexibility. Moreover, due to their solid
mechanical properties, these devices cannot be directly injected into a micro-system, representing
a limitation in biomedical applications.

Recently, a chemically synthesized stimulus-responsive hydrogel was developed that can
be easily injected into a micro-system, as a soft pump to control fluid flows at a micro-scale.”
In response to stimulation, functional hydrogels absorb aqueous solutions during the swelling
process and expel them during contraction. Accordingly, a wide range of desirable valves,’
pumps,® and fluidic oscillators” have been designed and fabricated using functional hydrogels.
However, the slow response and mechanical weakness of stimulus-responsive hydrogels are the
main barrier to utilizing them for rapid reagent release,'®'! actuator fabrication,”'? on/off
microfluidic switches,'? and effective pumping components.'*

The slow responsive kinetics of hydrogels primarily result from the inherent constraints
associated with the synthesis method. Conventionally, hydrogels are synthesized from monomer
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solutions via radical polymerization, a general-purpose method for producing synthetic hydro-
gels. Although this method is commonly used, it generates hydrogels containing a homogeneous
nano-porous network, which critically slows vitrification during the shrinking/swelling process
and limits the response speed of hydrogels.">™” Although efforts to enhance response kinetics
have been made by synthesizing thin gel membranes,"®'? incorporating porogens,® grafting
dangling chains,>' or hybridizing nanoparticles within the polymeric network,?” the challenge
of optimizing response speed and mechanical stability remains. Indeed, no methods for fabricat-
ing a fast stimulus-responsive hydrogel with a rapid response time for effective fluidic pumping
and control have been established, primarily because there are no reported techniques for
designing an ideal hydrogel network combining many favorable factors, such as a macro-
porous structure,” a flexible hydrogel network chain,®* and a reaction-site enriching domain®
that synergistically and cooperatively enhances the hydrogel’s dynamic response to stimuli.
Although in previous work, a 4-hydroxybutyl acrylate (4HBA)-enabled one-step hydrothermal
process was applied to generate a gradient porous hydrogel with an effective stimulus response,
the pumping efficiency was limited by its gradient porous structure, in terms of squeezing out
small amounts of water from the dense porous side.*®

Herein, we report a method for producing a thermally and optically responsive hydrogel
with a fast response to temperature or laser stimulation. The procedure was based on heterobi-
functional crosslinker-enabled two-step hydrothermal phase separation,”®’ which was achieved
using a heterobifunctional crosslinker that first linked to the pre-gel monomers to form pre-gel
polymer chains with reactive side groups at 70°C. The polymer chains were then treated at a
higher temperature of 180 °C to induce phase separation and form covalent bonds between the
polymer chain aggregates, thereby producing a macro-porous three-dimensional hydrogel with a
flexible network chain and a polymer-rich domain.

These favorable features synergistically endowed the hydrogel with fast responsiveness at a
centimeter scale (supplementary material 1), enabling the hydrogel to generate a strong ejection
force, pushing fluid in a certain direction. Therefore, through integration of polypyrrole (PPy)
nanoparticles as photothermal transducers, a novel injectable photo-responsive hydrogel pump
for generating water-in-oil droplets in an on-demand manner in a micro-system via programma-
ble laser irradiation (to increase the hydrogel’s temperature to ~40°C) was fabricated, which
has been difficult to achieve using previously reported methods.?® >

Il. METHODS AND MATERIALS
A. Hydrothermal phase separation

Our one-pot, two-step sequential hydrogelation strategy for generating a fast-responsive hydro-
gel is schematically illustrated in Fig. 1. In the first step, N-isopropylacrylamide (NIPAM) and 4-
hydroxybutyl acrylate (4HBA) were dissolved in deionized water (DI H,O), which was subse-
quently loaded into a hydrothermal reactor and heated at 70°C for 10h. During this reaction step,
NIPAM was polymerized with 4HBA via hydrothermally induced free radical vinyl polymerization,
generating NIPAM polymer chains with pendant hydroxyl groups (PNIPAM-OH). After the reac-
tion, the obtained PNIPAM-OH was purified via dialysis to remove unreacted monomers and then
lyophilized. Next, PNIPAM-OH was dissolved in DI H,O and heated in a hydrothermal reactor at
40°C for 1h to precipitate the PNIPAM-OH polymers. Immediately following this process, the
temperature of the hydrothermal reactor was abruptly increased to 180°C and maintained at this
temperature for 4h. During this reaction step, the pendant hydroxyl groups of the phase-separated
PNIPAM-OH were hydrothermally linked via induced dehydration polymerization, forming a cross-
linked porous 3D PNIPAM network. After the reaction, the dehydrated PNIPAM network was
peeled off the reactor and rehydrated in DI H,O to form a macro-porous PNIPAM hydrogel.

B. Sample preparation

One gram of NIPAM (Sigma-Aldrich), 100 ul of 4HBA (Polysciences Asia Pacific, Inc.),
and 5mg of ammonium persulfate (APS, Sigma-Aldrich) were dissolved in 10ml of DI H,O
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FIG. 1. Schematic representation of the 4HBA-enabled two-step hydrothermal synthesis of the fast-responsive hydrogel.

and then filtered and loaded into a 200 ml hydrothermal reactor (Latech, Singapore). The reactor
was subsequently heated in a 70 °C oven for 10h. After the reaction, the solution was dialyzed
in a tube (MWCO 3500) for 4 days to remove unreacted chemicals, and the solution was lyoph-
ilized. Next, 500 mg of the lyophilized polymers was dissolved in 5ml DI H,O and loaded into
the hydrothermal reactor, which was then heated in a 40°C oven for 1h. Immediately after-
ward, the reactor temperature was abruptly increased to 180 °C, which was maintained for 4h
to trigger the dehydration polymerization process. After the reaction, the hydrogel was peeled
from the reactor and incubated in 21 of DI H,O for one week, with regular changing of H,O
and alternating heating (40°C)/cooling (25°C) to fully hydrate the material, forming the
4HBA-based hydrogel.

To prepare a photo-responsive hydrogel, polypyrrole (PPy) nanoparticles were loaded into
the 4HBA-based hydrogel as photothermal transducers. The PPy nanoparticles were prepared
according to a previously reported procedure.®® To load PPy, a hydrogel with a diameter of
0.88 cm and a height of 0.25 cm was first compressed to squeeze out excess water, followed by
the addition of 400 ul of a PPy nanoparticle solution with a concentration of 5mg/ml. The
hydrogels were subsequently washed thoroughly with water at room temperature for 2 days to
remove the loosely bound nanoparticles. The obtained PPy-loaded hydrogel was then suspended
in DI H,O and loaded into a syringe connected to a silicon tube with a diameter of 0.2 cm.

A conventional N, N-methylenebisacrylamide (BIS)-based PNIPAM hydrogel was also pre-
pared using an N, N-methylenebisacrylamide (BIS) crosslinker via radical polymerization of
NIPAM monomers. Briefly, 1 g of NIPAM, 25 mg of BIS, and 10mg of APS were dissolved in
10ml of H,O. Subsequently, 1% (v/v) tetramethylethylenediamine (TEMED) was added to this
solution, which was then kept at room temperature for 12h to initiate polymerization. The
obtained hydrogel was washed thoroughly by incubation in DI water for 1 week. Structural
analysis of both the 4HBA-based hydrogel and the BIS-based hydrogel was performed using a
scanning electron microscope (SEM) (JEOLJISM-6430F, JEOL, Japan). Additionally, the frozen
hydrogel was lyophilized and sectioned for observation, and hydrogel sections were coated with
gold and analyzed via SEM.

lll. RESULTS AND DISCUSSION
A. Thermal response of the 4HBA-based hydrogel

The synthesized 4HBA-based hydrogel structure exhibited a remarkably rapid thermal
response dynamics. To determine the thermal response time, a cylinder-shaped microporous
hydrogel with a diameter of 9 cm and a height of 2.5 cm was prepared and subjected to alternat-
ing thermal stimulation. The original cylinder-shaped hydrogel achieved a size reduction of
approximately 70% in less than 30s after the hydrogels were heated at 40°C [Fig. 2(a),
Multimedia view: Video-1]. To illustrate this improvement, we fabricated a hydrogel with an
identical diameter and height, using a conventional N, N-methylenebisacrylamide (BIS)
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FIG. 2. Size change and thermal-responsive behavior of (a) our 4HBA-crosslinked hydrogel produced via the hydrothermal
synthesis route (Video-1) and (b) a conventional BIS-crosslinked hydrogel produced via radical polymerization; scale bar,
3cm (Video-2). (c) SEM view of a cross-section of the hydrogel; scale bar, 200 um. (d) SEM image showing the morphol-
ogy of top and bottom surfaces of the hydrogel; scale bar, 1 mm. (e) Evolution of the size of 4HBA-crosslinked and BIS-
crosslinked hydrogels after a temperature increase from 25 °C to 40 °C. For each type of hydrogel sample, three specimens
were tested to obtain the mean value and standard deviation for each data point. (f) Schematic illustration of the mechanism
underlying the fast-responsive kinetics of the 4HBA-crosslinked hydrogel produced via the hydrothermal synthesis route.
(g) Schematic illustration of the chemical structure of 4HBA-based hydrogels and BIS-based hydrogels. Due to the long
distance between the PNIPAM backbone chains, a highly porous network in a 4HBA-based hydrogel can be obtained,
showing an ultrafast response to thermal stimuli. (Multimedia view) Video-1 [URL: http://dx.doi.org/10.1063/
1.4983493.1], Video-2 [URL: http://dx.doi.org/10.1063/1.4983493.2]

crosslinker via radical polymerization. The changes in the size of the 4HBA hydrogel and BIS
hydrogel due to increasing the temperature from 25°C to 40°C were recorded. The conven-
tional BIS-based hydrogel shrunk slowly when the temperature was increased to 40 °C, requir-
ing more than 1h to reach equilibrium [Fig. 2(b), Multimedia view: Video-2].

In contrast, the 4HBA-based hydrogel shrunk rapidly at a temperature higher than its lower
critical solution temperature (LCST), requiring ~15s for the diameter to be reduced by half
[Fig. 2(e)]. During this process, the hydrogel undergoes a rapid change in volume, with remark-
able mechanical shrinkage in isotropic directions, indicating the aggregation forces operating
within the highly porous polymeric network to pump out a large amount of water from the inte-
rior of the hydrogel matrix. In contrast, our hydrogel shrunk rapidly to its equilibrium state,
requiring ~15 s for the diameter to be reduced by half. During this process, our hydrogel under-
went large, rapid changes in volume, with remarkable mechanical shrinkage, indicating strong
aggregation forces operating within the hydrogel matrix. Along with the shrinkage process,
trapped water in the hydrogel matrix was rapidly squeezed out from the interior of the hydrogel
matrix, suggesting potential for application as a fluid-pumping component.

The fast thermal response dynamics observed in this unique hydrogel was due to its syner-
getic combination of three important features that cooperatively accelerate the hydrogel
response. (1) Due to the well-interconnected pores within the hydrogel, as indicated via SEM
[Figs. 2(c) and 2(d)], free water in the water-rich regions was rapidly transferred into the sur-
rounding regions, forming an interconnected water release channel throughout the hydrogel that
could facilitate the rapid evacuation of water from the collapsing network, resulting in a fast
response rate of the hydrogel. (2) Due to the differences in reactivity between the CH,=CH,
and -OH groups of the 4HBA crosslinker, a two-step gelation process was applied, enabling the
formation of longer PNIPAM chains. Moreover, due to the long alkyl chains of 4HBA, a high
degree of freedom and flexibility of the crosslinked PNIPAM chains was achieved. Upon
increasing the temperature above the lower critical solution temperature (LCST), the long flexi-
ble linear PNIPAM bridge chains shrunk rapidly because no crosslinked restriction existed
[Fig. 2(f)]. (3) With the 4HBA crosslinker, the formation of a heterogeneous network of the
PNIPAM hydrogel was achieved by applying a hydrothermal process. Compared with the BIS-
based hydrogel, containing a dense network with nano-pores, the ABS-based hydrogel con-
tained a highly porous network with micro-pores for an ultrafast response according to thermal
stimuli [Fig. 2(g)].
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B. Photo-responsive PPy-loaded composite hydrogel

To convert the thermal-responsive hydrogel to a photo-responsive hydrogel, PPy nanopar-
ticles were loaded into the 4HBA-based hydrogel to act as photothermal transducers, thus gen-
erating a composite hydrogel, whose contraction/swelling responses to laser irradiation were
recorded and are shown in Fig. 3(a). A cylinder-shaped hydrogel with a diameter of 0.88 cm
and a height of 0.25 cm suspended in H,O was successfully injected through a silicon tube with
a diameter of 0.2cm. After injection, the deformed hydrogel rapidly returned to its original,
un-deformed volume, as surrounding water was re-absorbed into the hydrogel.

The compression test of the composite hydrogel was performed on a universal testing sys-
tem (Instron) equipped with a 10 N force transducer in a uniaxial manner at a speed of 1.5 mm/
min. The compressive modulus was determined based on the slope of the initial linear region
of the stress-strain curve. The compressive stress-strain profiles of the hydrogels after being
subjected to different numbers of injections were recorded [Fig. 3(b), Multimedia view: Video-
3]. It was found that after 10 cycles of injection, the hydrogel maintained its mechanical prop-
erties, such as its compressive modulus (~5.5 = 1.2kPa). The favorable mechanical stability of
the hydrogel was presumably due to the reversible collapsibility of the hydrogel’s thick and
flexible pore wall structure.***

After injection, water was collected and subjected to UV-vis-NIR analysis to monitor the
PPy nanoparticles remaining within the hydrogel matrix. It was found that the loaded amount
of PPy nanoparticles in the hydrogel was gradually reduced with the injection cycle. After
1 cycle of the injection experiment, approximately 25% of the loaded PPy nanoparticles were
released from the hydrogel. After 5 cycles of the injection experiment, the reduction of PPy
nanoparticles reached a steady state and was maintained at approximately 50% of the original
loading amount [Fig. 3(c)]. Although the amount of PPy nanoparticles was decreased by
increasing the number of stress cycles, the remaining amount of PPy in the hydrogel matrix
after 10 cycles still generated sufficient heat to effectively induce shrinkage of the PNIPAM
hydrogels. This observation indicated that a stable amount of PPy remained in the hydrogel
matrix after several injection-swelling-injection cycles.
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FIG. 3. (a) Schematic representation of the loading of PPy photothermal nanotransducers into the hydrogel, to endow it
with a laser-responsive ability and the syringe-based injectability test of the PPy-loaded hydrogel. (b) Compressive stress-
strain curves of the original composite hydrogel (0 cycle) and the composite hydrogel after being subjected to 5 cycles and
10 cycles of injection. (c) Amounts of PPy remaining in the composite hydrogel after each cycle of injection. Five hydrogel
specimens were tested to obtain the mean value and standard deviation for each data point. (Multimedia view) Video-3
[URL: http://dx.doi.org/10.1063/1.4983493.3]
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When correlated with the compressive stress-strain profiles of the composite hydrogel, this
result indicated that the incorporation of PPy nanoparticles into the hydrogel through physical
interaction did not alter the hydrogel’s mechanical properties. The easy injection of the compos-
ite hydrogel offers several advantages in the design of a micro-system: (1) the elimination of in
situ hydrogel fabrication in channels, which requires multiple steps, limits the selection of pre-
gel materials, and forms only slow-responsive (~minutes scale) hydrogels;**>’ (2) the hydrogel
can be injected into pre-formed chambers, eliminating the possible adverse effects of the cham-
ber fabrication step (e.g., plasma bonding) on hydrogel performance;*®* and (3) the size,
shape, and volume of the hydrogel can be conveniently adjusted to the design of the channel,
increasing flexibility in terms of fluid channel design and control.*’

C. Optical triggered fluidic control in a micro-channel

The photo-responses of the PPy-loaded hydrogel were investigated by recording the change
in the size of the hydrogel under different conditions of laser irradiation. After being irradiated
using a laser (wavelength: 915nm) with an intensity of 1.45W/cm? for 4s, the diameter of a
cylinder-shaped hydrogel that was originally 0.88 cm in diameter was reduced to approximately
0.55 cm, indicating the superior photo-response speed of the hydrogel. The heat effect and ther-
mal energy distribution according to laser irradiation are summarized in supplementary material
2. The swelling/de-swelling of the hydrogel according to laser switching was highly reversible.
The hydrogel exhibited no fatigue phenomena after several cycles of laser irradiation, as indi-
cated by the observation that the hydrogel could be rapidly restored to its original diameter,
without any changes, after laser irradiation was switched off [Fig. 4(a)].

To illustrate the applications of this photo-responsive hydrogel for fluidic control, a
cylinder-shaped hydrogel with a diameter of 0.88cm and a height of 0.25cm was injected
through a silicon tube into the pre-formed polydimethylsiloxane (PDMS) chamber with one
open end, filled with green-colored water maintained at constant pressure, where the hydrogel
was designed to act as laser-responsive pump for water dispensing [Fig. 4(b), Multimedia view:
Video-4]. After subjecting the hydrogel pump to laser irradiation (915 nm, 2.55 W/cm?) for less
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FIG. 4. (a) The laser response dynamics of the PPy-loaded hydrogel determined by recording the change in the size of the
hydrogel in response to laser irradiation at 915 nm with an intensity of 1.45 W/cm? and a duration of 4. (b) Schematic rep-
resentation and photographs showing that the hydrogel acted as a laser-responsive pump for water dispensing, where
switching the applied laser irradiation (915 nm, 2.55 W/cmz, 1s) can control the fluid flow; scale bar, 8 mm. (¢) Control of
the volume of the liquid dispensed by tuning the intensity of laser irradiation received by the hydrogel pump, where the
hydrogel pump was irradiated with different intensities of laser irradiation for 10s. The laser switching cycles were
repeated 5 times to obtain the mean value and standard deviation for each data point. (Multimedia view) Video-4 [URL:
http://dx.doi.org/10.1063/1.4983493.4], Video-5 [URL.: http://dx.doi.org/10.1063/1.4983493.5]
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than 1s, the water was immediately pushed out of the chamber, demonstrating the hydrogel’s
applicability as a pumping component for liquid dispensing. Laser stimulation provided fine
control of the volume of the liquid dispensed by allowing convenient tuning of the intensity of
laser irradiation received by the hydrogel pump. The hydrogel pump was irradiated with different
intensities of laser irradiation for 10s, and the volume of the liquid that flowed out was recorded.
With an increase in laser irradiation power, a larger volume of the liquid was discharged from the
chamber [Fig. 4(c), Multimedia view: Video-5].

D. The hydrogel pump enables on-demand droplet generation

Droplet generation was triggered by laser irradiation of the hydrogel pump. A schematic
representation of the hydrogel pump-enabled on-demand droplet generation device is illustrated
in Fig. 5(a). There were two channels in the device. One channel consisted of a syringe contain-
ing a cylinder-shaped hydrogel with a diameter of 0.88cm and a height of 0.25cm, where the
syringe was filled with green-colored water at constant pressure. The other channel was filled
with silicon oil and surfactant and was connected to a syringe pump with a constant flow rate of
100 pl/min [Fig. 5(b)].
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FIG. 5. (a) Schematic representation of the laser-responsive hydrogel pump-enabled droplet generation device, where the
source of laser irradiation is fixed above the area of the hydrogel pump. (b) Photograph showing the morphology of the
droplet generation device when the laser is in the OFF state; scale bar, 5 mm. (c) The captured image shows the droplets
formed by the hydrogel pump operated by irradiating the hydrogel pump at a fixed intensity (1.62 W/cm?) for 10s and then
switching off the laser (Mode-1) (Video-6). (d) The captured image shows the droplets formed by the hydrogel pump oper-
ated by rapidly switching the laser irradiation (in less than 3 s) received by the hydrogel pump between different intensities
(Mode-2); this image was captured at a laser intensity of 1.45 W/em? (Video-7). (e) Size distribution of the droplets gener-
ated from the same hydrogel pump after being irradiated by 4 cycles of laser stimulation under Mode-1. (f) Mode-2 opera-
tion allowed tunability of the diameter of droplets by adjusting the laser irradiation intensity. (Multimedia view) Video-6
[URL: http://dx.doi.org/10.1063/1.4983493.6], Video-7 [URL: http://dx.doi.org/10.1063/1.4983493.7]
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Laser irradiation was provided by a continuous wave (CW) laser source with a wavelength of
915nm and a maximum output power of 8 W (BWT Beijing Ltd. China). The laser intensity was
first calculated using the equation (250/d”) x Output power, where d is the diameter of the laser
beam in millimeters, which was determined using an IR indication card. The output power was
determined using a model841-PE power/energy meter (Newport Opto-Electronic Technologies). A
cylinder-shaped composite hydrogel with a diameter of 0.88cm and a height of 0.25cm was
squeezed into a 1 ml syringe filled with green-colored water and maintained at a constant pressure
by expelling the entrapped air. The syringe was inserted into a silicon tube with silicon oil flow-
ing at a constant rate of 100 ul/min. The laser irradiation source was positioned above the area of
the hydrogel pump and was operated under two modes of control, as follows.

Mode-1 was operated by irradiating the hydrogel pump at a fixed intensity (1.62 W/cm?)
for 10s and then switching off the laser to evaluate droplet generation. This process was
repeated several times to assess the size distribution of droplets generated by the hydrogel
pump [Fig. 5(c), Multimedia view: Video-6]. The droplets formed via the operating mode-1
process are shown in Fig. 5(c). A number of droplets with varying diameters were generated by
the hydrogel pump after one cycle of laser irradiation. The size distribution of the droplets gen-
erated by the same hydrogel pump after 4 cycles of laser stimulation is analyzed in Fig. 5(e). It
was found that the droplets generated in the first and second cycles of laser irradiation were
nearly monodispersed (~700 um in diameter). The droplets generated in the third and fourth
cycles of laser irradiation exhibited a wider size distribution (~500 um). The decreased diame-
ter of the droplets generated from the hydrogel pump after several irradiation cycles resulted
from the partial melting of the PPy nanoparticles due to laser stimulation.?”-’

Mode-2 was operated by rapidly switching between different intensities of laser irradiation
(in less than 3s) received by the hydrogel pump, with the purpose of reducing PPy melting and
generating droplets with a controllable size [Fig. 5(d), Multimedia view: Video-7]. The volume
of the generated droplets could be tuned by adjusting the laser irradiation intensity. The droplets
generated under this mode exhibited a relatively uniform size distribution, as shown in Fig. 5(f).
A higher intensity of laser irradiation triggered a higher photothermal conversion efficiency,
causing greater shrinking of the hydrogel pump to generate droplets with a large volume. By
controlling the laser irradiation intensity, the diameter of the water droplets could be changed in
a programmable manner from approximately 400 um to 800 um. Compared with mode-1 opera-
tion, the droplet diameter remained in a steady state, without obvious changes, after 5 cycles of
laser irradiation under mode-2 operation, indicating that on-demand generation of droplets with
a controllable size could be achieved using this hydrogel pump.

To characterize the stability of the hydrogel pump, 15 cycles of laser irradiation were con-
ducted to produce 15 droplets, which were analyzed using image J. The experiment was carried out
with a laser intensity of 1.53 W/cm?, irradiating the hydrogel for 2s to generate a water-in-oil drop-
let. The mean diameter of the droplets was 562.5 * 44.59 um (supplementary material 4).

IV. CONCLUSIONS

In conclusion, a novel hydrogel with a fast response and easily compressible mechanical
properties was synthesized as a functional fluidic component for on-demand fluidic flow control
in micro-systems. Due to a highly porous internal structure, the synthesized hydrogels exhibited
a remarkable thermal response and shrunk dramatically, inducing significant fluidic flows as an
injectable pump. A cylinder-shaped hydrogel with a 9 cm diameter and a 2.5 cm height at 25°C
shrank to ~70% of its volume within 30s after heating at 40 °C. Accordingly, a significant iner-
tial aqueous flow was generated to overcome oil-water surface tension and generate water-in-oil
droplets on demand. Droplets with a tunable diameter were produced by adjusting the laser irra-
diation intensity and irradiation time. Moreover, this small injectable hydrogel pump is easy to
integrate into a microfluidic system to enrich functionalities and to shrink the entire system’s
size dramatically. We believe that the use of this novel hydrogel as an injectable pump for
rapid on-demand fluidic control will be broadly beneficial to chemists, physicists, material sci-
entists, integrative micro-system designers, and bioengineers alike.
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SUPPLEMENTARY MATERIAL

See supplementary material for (1) Comparison of the thermal response and mechanical
properties of a hydrothermally phase-separated hydrogel synthesized with 4HBA as a cross-
linker with a conventional hydrogel synthesized with BIS as a crosslinker, (2) The heat distribu-
tion according to laser irradiation, (3) Distribution of the droplets generated via mode-1 laser
operation, and (4) Uniformity of the droplets generated via mode-2 laser irradiation.
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